Most significantly, they act to allow the emergence of Summary aerial hyphae from the mycelial growth medium and to provide a water-repellent coating to spores that are Background: Fungal hydrophobin proteins have the reaerially dispersed. These functions are brought about markable ability to self-assemble into polymeric, amphithrough polymerization of the secreted hydrophobins at pathic monolayers on the surface of aerial structures the air-liquid interface into rodlets (fibrils with dimensuch as spores and fruiting bodies. These monolayers sions of around 10 ϫ 200 nm), which aggregate into an are extremely resistant to degradation and as such offer amphipathic monolayer on the hyphal or spore surface the possibility of a range of biotechnological applica- [8, 9]. The inner face of this monolayer is hydrophilic in tions involving the reversal of surface polarity. The monature, while the outer face is highly hydrophobic; it is lecular details underlying the formation of these monothis hydrophobicity that confers water-repellency on the layers, however, have been elusive. We have studied hypha/spore. EAS, the hydrophobin from the ascomycete Neurospora
SC3 is currently the best-characterized member of the hydrophobin family. Circular dichroism and infrared spectroscopic studies revealed that the protein appears to form some ␤ sheet structure in solution and that the amount of ␤ sheet is increased upon polymerization [15] . In addition, the formation of an ␣-helical domain was detected upon binding SC3 to a solid hydrophobic support. Preliminary characterization of a class II hydrophobin, cerato-ulmin, has been reported [16] . Yaguchi and co-workers proposed a tentative disulphide bond arrangement for this protein and alluded to unpublished NMR data that suggested the presence of both some antiparallel ␤ sheet in the cysteine-containing regions of the polypeptide, and a short stretch of ␣-helix.
Aside from these studies, very little is known regarding the molecular details of hydrophobin structure and polymerization. This is due in part to the difficulties in extracting and handling these highly surfactive proteins. We have sought to address this deficit by examining however, sedimented to the bottom of the centrifuge cells, indicating that it was forming large aggregates. to determine whether these purified fractions were capable of forming rodlet structures in the absence of the We were unable to determine whether these aggregates were rodlets, although we suspect that they are not, other fractions. Samples of each isoform were spotted onto a clean mica surface and the water allowed to evaporate. Figure 2 shows atomic force micrographs of the structures formed in each case; it can be seen that all fractions form rodlets. The form of these rodlets is also very similar to that of the wild-type spore surface [17, 23]. These data demonstrate that the protocol used to purify EAS yields functional protein, and that neither the alternate cleavage sites nor the 16-Da mass addition are essential for, or detrimental to, the formation of rodlets. The function of these modifications remains unclear at present.
Initial Characterization of EAS Isoforms
We next used circular dichroism (CD) spectropolarimetry to assess the secondary structure content of each isoform. Samples of the EAS isoforms could be prepared in a variety of solvent conditions and were generally stable at room temperature for several months. The samples were, however, very sensitive to agitation and any other process that created substantial air-solvent interfaces, and would rapidly form rodlets structures at the exposed interface under these circumstances. given that hydrophobins generally form rodlets at airwater interfaces. naptobrevin is almost totally unstructured in isolation, but Given that, in solution, EAS appears to contain a core folds to form a heterotetrameric coiled-coil in the presence of ␤ sheet structure, and that it is able to form polymeric of its binding partners syntaxin and SNAP25 [32] . structures, we sought to investigate the possibility that EAS rodlets display many of the characteristic proper-EAS forms amyloid-like structures. Rodlets were alties of amyloid fibers. These fibers, first described over lowed to assemble from aqueous solutions of either EAS 100 years ago, are associated with a substantial number Ia or II onto a silica glass surface and were then stained of human disease conditions, including Alzheimer's, with Congo Red dye. From visual inspection, it was Parkinson's and Huntingdon's diseases [33] . Despite clear that Congo Red bound to the rodlets and, under the fact that these fibers have thus far eluded atomic polarizing light, it could be seen (Figure 8a,b) that the resolution structural analysis, X-ray diffraction [34] and EAS rodlets do indeed exhibit the gold-green birefrincryo-electron microscopy [35] studies of fibers have regence characteristic of amyloid fibrils [28] . In addition, vealed a cross ␤ structure with an overall helical twist; native rodlets treated in the same way also displayed all other fibers appear to share this overall structural comparable birefringence (Figure 8c) . This, together arrangement [36] . Amyloid-like fibers are usually only with the dimensions of the fibrils ‫01ف(‬ nm in diameter, observed in abnormal proteins or under destabilizing compared to typical values of 5-13 nm for other amyloid conditions (e.g., low pH, elevated temperatures, or the structures [29] ) and the high ␤ sheet content observed in presence of chemical denaturants), although it appears CD spectra of deposited EAS rodlets (Figure 3) , strongly that these structures may have functional roles in certain suggests that EAS rodlets (both native and reconstitucases. For example, the [URE3] genetic element of ted) bear a close resemblance to amyloid fibers, such as Sacchromyces cerevisiae appears to be an amyloidthose observed in a wide range of mammalian disease forming prion protein [37] , and it was recently reported conditions. We also note that, during the preparation of that chorion, the major component of silkmoth eggshell, this manuscript, a similar observation was reported as unpublished results during a study on the involvement forms an amyloid structure in vivo [38] . of the disulfide bonds on SC3 rodlet formation [30] .
NMR Spectroscopy Reveals Small Amounts of ␤ Structure in EAS Ib
The Congo-Red staining and CD spectra also suggests that ␤ sheet is the predominant element of secondary structure in polymerized hydrophobin rodlets. In Relating Structure to Function contrast to amyloid fibrils, however, there is no evidence One of the primary functions of hydrophobins is to prothat rodlets have an overall helical structure. It is difficult vide a hydrophobic coating to fungal spores and fruiting to envisage how a helical twist could give rise to an bodies, and a long-standing question exists as to how they are able to carry out this function. The present amphipathic membrane. Further, the rodlets appear to have a straight groove along the center of the rodlet N. crassa that resemble amyloid fibers and act as an extremely effective water repellent coating. The forma-[17, 30] .
A picture of the mechanism of amyloid formation is tion of these polymeric fibers is most likely directed by a small core of disulfide-bond stabilized antiparallel ␤ gradually being built up (see, for example, [29] ). It is suggested that all amyloid formation must begin with a sheet, and possibly also by the timely cleavage of the pro sequence. It is notable that the presence of an interface partially or totally unfolded precursor, in order that the backbone amide moieties are available for intermolecuappears to be required for rodlet formation, and in this way rodlets may be distinguished from other amyloid lar hydrogen bonding across ␤ strands. Current theories suggest that monomeric amyloidogenic intermediates fibers. The robust and reversible assembly of hydrophobin rodlets may well serve as a useful model system in first self-assemble into relatively small aggregates (protofibrils or structural nuclei) with an unfavorable equilibwhich to further examine the details of amyloid fiber formation and structure. rium constant [39] . This step results in a lag phase in the kinetics of fiber formation. Once these nuclei are It is now thought that the ability to form amyloid-like structures constitutes a general property of polypeptide formed, growth of the fibers is relatively rapid through the stepwise addition of more monomers [29] . The forchains, and there are well over 50 examples of proteins and peptides for which amyloid formation can be inmation of EAS rodlets, on the other hand, appears to be almost instantaneous (in vitro, at least). It is possible duced [33] . However, the formation of these structures is normally associated with a disease state (induced, that EAS avoids this lag phase by having the four disulfide bonds to direct formation of the ␤ sheet core obfor example, by mutation or by the influence of priontype agents [42]). In the case of fungal hydrophobin served in our study and thereby guide polymerization. Thus, by orienting the free ␤ sheet edges at a hydrophoproteins, nature appears to have harnessed this apparently general mechanism for a useful purpose. bic interface, the core may provide a framework that imposes limits on the dimension perpendicular to the was at 20 V and 250ЊC, and a sheath gas of ultrahigh purity nitrogen (at 55 psi) was employed. EAS isoforms were dissolved in methanol:water:acetic acid mixture (50:50:1) and infused directly into the spectrometer using a Harvard Apparatus Syringe Infusion Pump 22.
Biological Implications
Spectra were collected in full scan mode over an m/z 4000 mass range.
A picture of EAS structure and functional mechanism has emerged from this study. It appears that this extraorCircular Dichroism Spectropolarimetry dinary protein undergoes a disorder→order transition to CD spectra were recorded on a Jasco J-720 spectropolarimeter using a 1 mm quartz cuvette. In each case, spectra comprised the form amyloid-like structures on the conidial surface of sum of three successive spectra with a step size of 0.5 nm, a 1 s scope equipped with a polarizing stage and images were captured using a Sensicam CCD camera. response time and a 1 nm bandwidth. Data were acquired at 20ЊC and were baseline-corrected by subtraction of a spectrum of the buffer. For solution phase spectra, EAS isoforms were dissolved in
